Abstract-The goal of this paper is to compare different solutions for the parallelization of grid side voltage source converters operating in medium voltage for application in multimegawatt (MW) offshore wind turbines. The study takes into account different alternatives in terms of both topology and modulation: in particular it considers whether the DC busses are common or separated, the output filters are isolated or coupled, and, in the latter case, the impact of the coupling coefficient value. The use of interleaving modulation technique is also analyzed. Systematic comparative analyses are reported with the goal of orienting trade off design choices for offshore converters.
I. INTRODUCTION
Offshore wind energy resources are significantly more powerful and constant than onshore ones. They can be exploited with larger wind turbines (WTs), since they are not constrained by road transportation and they imply much less visual and noise impact than onshore installations. All these factors are boosting the offshore energy wind sector and a total of 7.34 GW of installed offshore wind capacity, from more than 2300 wind turbines has been reached in Europe in 2014 [1] . Although bestselling offshore wind turbine are in the range of 3-4 MW, they are rapidly evolving towards much higher power levels. The biggest offshore wind turbine, recently deployed in Denmark is rated 8 MW [2] and larger sizes up to 10 MW are also being proposed [3] . The increasing demand for improved WT control and the stricter requirements set by grid codes are leading to a widespread use of full-power back-to-back power converter solutions. In addition, the need to process power flows in the range of several MW encourages the use of several power converter lines connected in series or in parallel [4] Such modular approach may imply intrinsic system redundancy, allowing the WT to continue operating even in case of a faulted conversion line, thus resulting in higher system reliability. Moreover, the multi-cell approach allows an improvement of the system efficiency by reducing the number of cells used in case of low winds.
Several research activities are ongoing on multi-cell converters for wind power applications, considering both Low Voltage (LV) and Medium Voltage (MV) solutions.
Compared to LV converters, MV solutions reduce the cost of cables and connections and give a further advantage in terms of reliability due to the lower number of components required. This paper focuses on the parallelization of medium voltage grid side converters for multi-MW wind turbines. It considers and compares in a systematic way the system performance under different configuration and operation scenarios. In particular, it analyses the effect of separated and connected DC busses as well as the type of magnetic coupling (if any) of the output inductance. The impact of the selected PWM strategy, which may or may not imply interleaving, is also considered. For the sake of simplicity, a reference test case based on the standard two-level converter topology is considered, the objective of the paper being the comparison of the different solutions under equal operative conditions and not the definition of an optimized topology.
II. CONSIDERED SYSTEM
In this paper, a multi cell power electronics interface suitable for high power medium voltage off-shore wind turbines is studied. The focus of the work is on the grid side converter of the WT, which is connected to an electric network, operating at a medium voltage level of 3.3kV. The system under consideration is based on two Voltage Source Converter (VSCs) working in parallel, as illustrated in Figure 1 .a-d. In such a figure, multiple configurations are given, depending on whether the DC bus capacitance is common or independent between the converters and based on the coupling of the inductors. The different implications of the configurations are analyzed in detail in the following sections. In terms of converter control, the possibility of interleaving has been considered in the literature and has proven to be beneficial for the sizing of the filter inductors. As only two converters are considered in this paper, a 180° phase shift between both of the VSCs carrier signals is used for the interleaving implementation, as described in Section V. 
III. CONNECTED VS SEPARATED BUSSES
The use of the separated DC bus configuration increases the redundancy of the system, which is reduced in common DC bus configurations. By contrast, an advantage of common dcbus configurations is that both of the inverters have the same instantaneous input voltage. This is particularly beneficial for precise implementation of the interleaving technique, as explained in section V. In addition, when the interleaving technique is utilized in the common DC bus configuration, the THD of the DC bus voltage is also reduced. By contrast, as the separated DC bus case might lead to differences in the two capacitor voltages, the interleaving may be not perfectly implemented and result in harmonics close to the carrier frequency band. Nonetheless their amplitude is usually significantly lower than if interleaving modulation is not used. Assuming that the grid topology does not allow zero-sequence current (e.g.: in case of delta connection of the transformers), the existence of such a current component is possible only under the common DC bus configuration. The common capacitor connection offers a path for it to flow, resulting in a circulating current between both converters, which does not affect the main grid, but increases the losses in the converter system and affects the system design since all the components must withstand such a current. A circulating current might appear even if the dc-busses are separated [5] , but it can only be formed by positive and/or negative sequence components as there is no path for the zerosequence in such a case. Thus, assuming equal converter and filter parameters, the circulating current is usually smaller using separated dc-busses [6] .
IV. POSSIBLE TYPES OF OUTPUT FILTERS
Several topologies have been proposed in the literature [7] for the converter inductive filter, e.g., it can be insulated or coupled, and the coupling can be positive or negative. In the case of positive coupling the fluxes due to the two converter currents are added in the inductor core, while in the case of negative coupling the fluxes are subtracted, as shown in Figure 2 . The main disadvantage of insulated inductors (Figure 1a-b) is that the current in one of the VSCs does not influence the other; hence, the match between the two currents is regulated only by the inverter control system. In contrast, the use of coupled inductors can provide beneficial effects such as to naturally reduce the circulating current or to limit the output current harmonic content without increasing the size of the filter [8] .
In this article, it has been considered that the coupled inductors are implemented as interphase filters; i.e., a filter coupling each phase of the first VSC with the correspondent phase of the second VSC ( Figure 1 .c-d).
Zhang et al. analyzed the effects of a common mode (CM) and an interphase filter in [9] : Unlike common mode filters, interphase inductors can limit both the CM and the differential mode (DM) of the circulating current. Therefore, this solution is usually preferred and has been used in this work. Interphase filter inductances can present a positive or negative magnetic coupling, as shown in the simplified circuit of Figure  2 .
For the sake of clarity, the effect of the coupling sense (positive or negative) on the circulating current is briefly recalled in the following. For this purpose, the currents in the interphase inductor has been divided as follows:
Where 1 i and 2 i are the currents of converter 1 and 2, respectively, for the same corresponding phase, and i Δ represents the circulating current, which should be zero under ideal conditions. Assuming that the system behaves linearly, the superposition property can be used by studying independently the contribution of each converter.
The equations of the system for negative coupling are presented below:
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e t ri t = − (4) Where N is the numbers of windings turns (the same in each circuit), R is the reluctance of the circuit, Ψ is the magnetic flux and 2 e the induced voltage on the second winding, having a resistance equal to r. Taking the time derivative in both sides of equation (2) and rewriting the flux derivative as a function of 2 i yields:
From (7) it is possible to see that the derivatives of both currents have the same sign, meaning that a variation of one of the currents produces a variation of the other current in the same sense. This naturally reduces the circulating current, Δi.
By contrast, positive coupled inductors give the following equations:
While (3) and (4) still hold. Consequently, the solution is
From (9) the opposite conclusion can be drawn: since the current derivatives have opposite signs, a variation of the current of the first converter is followed by a variation of the other current in the opposite sense. Consequently the circulating current will be amplified. As a consequence, with negative coupling, if 1 2 i i = the total flux in the inductor will be null, and the filter will have no effect on the total output current. By contrast, with positive coupling, under the same conditions, the flux in the core will be twice as much as the equivalent insulated filter case, increasing the circulating current, but at the same time reducing more efficiently the harmonic components of the output grid current. In particular, VSC interleaving techniques can be used under the parallel converter configuration. This technique consists in a phase shift between the triangular carriers of the two PWM generators, which has a beneficial effect on the output waveforms. As reported in the literature [12] , [13] , the phase shift in the carriers causes the cancellation of part of the harmonics, but it increases the mismatch between the systems voltage, increasing the circulating current. For the two parallel VSC case, a phase shift of 180° is usually used, but different phase shift angles are possible. A research of the optimal solution has been carried out following different deductive reasoning by many authors, such as in [14] and [15] . Apart from the possible application of the interleaving techniques, in this work, the same control philosophy has been used for every configuration, in order to analyze the influence of the different topologies independently of the adopted control technique.
V. PWM MODULATION STRATEGY

VI. SIMULATIONS
A. Simulation model description
In order to simulate the four topologies presented in Figure 1 , a corresponding simulation model has been implemented in Matlab/Simulink® and used to carry out the analyses presented in the following. As mentioned earlier, the converter topology is based on a two-level VSC, which has been modeled using the "Universal Bridge" block with ideal switches. The block "Mutual Inductance" with appropriate settings has been used to model both separated inductors and interphase inductors. Regarding the control structure, both parallel converters have the same cascaded control implementation. The internal control loop is based on a standard PI regulator for the current control, whereas the outermost control loop uses another PI regulator to control the DC voltage of the capacitor. In case of common busses a single DC link control loop is implemented, and the output current reference is equally split between the two inner loops regulating the current in the two converters. The main simulation parameters of the selected test case are reported in Table 1 .
B. Comparison of the four different topologies
In order to verify the considerations presented above, four different topologies for the grid side converter of a WT have been simulated and compared. The four studied configurations, showed in Figure 1 , are: 1. Separated DC-busses with insulated output inductive filters (Figure 1-a The interphase filter used for the magnetic coupling in cases 3 and 4 has been analyzed with both positive and negative coupling. Moreover, all the configurations have been simulated with and without using the interleaving in order to verify its effects.
For the configurations 1 and 3, half of the capacitance has been used in each bus, and for the inductance in configurations 3 and 4 a coupling of 50% has been used as the base case. As can be inferred from Figure 3 , under such condition
The grid has been simulated as a threephase voltage source in series with a 3-phase inductance. These parameters have been summarized in Table 1 Figure 4 shows some of the most relevant waveforms trends obtained using negatively coupled inductors for both configurations; i.e., common DC bus and independent DC bus. By contrast, Figure 5 presents the equivalent waveforms for the positively coupled case. Both figures have been obtained using the nominal 50% coupling coefficient. According to the theory previously discussed, the zerosequence current in each VSC is null in every separated bus configuration, while it is present in the common DC bus configuration as in the latter case there is a path for it to flow. This is confirmed by the waveform trends depicted in both Figure 4 -a) and Figure 5-a) . Despite that zero-sequence current does not exists for the separated DC bus configurations, the positive and negative sequence components are still present, as shown in Figure 4 -b) and . For the common DC bus configuration, the zero-sequence component represents an important percentage of the total circulating current, between 39.7% and 91.7% as given in Table 2 . It can be therefore explained why the circulating current in common DC bus configurations tends to be bigger than in case of separated DC busses. The circulating currents obtained using negatively coupled inductors depicted in Figure 5 -a) and b) are significantly smaller than those shown in Figure 4 -a) and b) where positively coupled inductors are used instead. This graphical illustration intends to demonstrate the advantage of using negatively coupled inductors in such a system. Nonetheless, the grid current in the positively coupled inductor configuration (given in Figure 4 -c) has lower THD than for the case of negatively coupled inductors (shown in Figure 5-c) . Moreover, the common DC bus configuration has a positive impact on the THD of the DC bus voltage, as Figure 6 suggests. However, such configuration has the inherent disadvantage of reducing the redundancy of the system. The effects of the interleaving are also visible from and it improves the grid current THD due to the harmonic cancellation but it also produces more circulating current due to the higher instantaneous mismatch between the VSCs. Figure 7 and Figure 8 give a broad comparison of the main features discussed in the present section. More precisely, Figure 7 compares the negatively coupled inductors configurations with their insulated inductors counterpart, in terms of the following parameters:
• DC Voltage Ripple • Grid current and voltage THD • % Circulating current • % Zero-Seq. Circulating current • Redundancy Figure 8 shows the equivalent charts for the positively coupled inductor configuration.
In these charts, all the data have been normalized with respect to the configuration that presents the highest value in each analyzed quantity. No redundancy has been considered for configurations with common DC bus, since a fault in the bus will put the all system out of service. Except for the output power, the compared data represent quantities that have to be limited. So, the area inside each line gives an idea of the quality of the correspondent configuration, since a topology can be considered more suitable if it presents smaller values in each section. Thus, smaller area implies better overall performance. 
C. Parametric effect of the coupling coefficient
The topologies using interphase coupled inductors with common or separated DC busses have been tested varying the coupling coefficient both for positive and negative coupling. Both circuits have been simulated with coupling coefficient between -80% and 80%, with and without the interleaving technique. In each simulation, the value of the total inductance, L s , has been kept constant. Therefore, while increasing the mutual coupling, the self-inductance of each phase decreases as can be inferred from Figure 3 . Results of each simulation are shown in Table 2 . As it is possible to see, increasing the module of the coupling coefficient for negative coupled inductors, the circulating current is reduced; whereas for positive coupling, the increase in the coupling coefficient increases the circulating current. The output current THD is higher in configurations with negatively coupled filters. This is because in such configurations, only the uncoupled part of the inductance contributes as series output filter to reduce the ripple, hence the output harmonic content is bigger. As the coupling coefficient is reduced, the uncoupled part of the filter inductance increases, reducing the THD. On the other hand, the current and voltage THD in configurations with positive coupling inductance tends to be lower than the configurations with insulated filters, as shown in Table 2 and Figure 9 . The only cases where this does not occur (for significant values of positive coupling marked with a "*" in Table 2 ), are due to the fact that in these cases the self-inductance L' becomes so small that in some instants it jeopardizes the performance of the VSC controller. 
VII. DISCUSSION
The analysis of the above presented cases confirmed that for the configuration presenting independent DC busses, the zero sequence current does not appear as there is no path for it. However, it is still possible to have a circulating current formed by positive or negative sequence components and must be taken into account as it will contribute to the system efficiency. By contrast, when the configuration considered has a common dc-bus, a zero-sequence current also appears as part of the circulating current. This circulating current is usually larger than the one that appears in the separated dc-busses case. Regarding the output inductance topology, the negative interphase coupling between the VSCs decreases the circulating current, but increases the output harmonic content; whereas positive coupling of the filter inductors significantly increases the circulating current, but it efficiently reduces its ripple because of the high CM flux in the core. Hence a tradeoff solution should be found at the design stage of the WT converter. The use of interleaving increases the circulating currents of the system (especially in the case of positively coupling coefficient), but it lowers the harmonic content of the output current. The output harmonic limitation could however be ensured in such cases by the application of multilevel converter topologies, instead of standard 2-level VSC. Since, however, the goal of this paper is not the sizing of the different circuit components, but the comparative analysis of their effect on the system; the specific component choice does not affect the validity of the study, as long as the controllability of the system is ensured.
VIII. CONCLUSIONS
This paper studies the impact of different design and modulation choices on the performance of parallel MV grid side converters used for multi-MW wind turbine applications. Using a simplified test case based on two-level VSCs, the study aims to complement the existing literature on parallel operation of grid connected voltage source converters. This is done by performing a systematic comparative analysis, which considers at the same time I) DC bus interconnection II) output filter topology, III) value of the coupling filter coefficient (if any) and IV) impact of the interleaving modulation technique. Figure 9 Comparison between Common DC Bus and Independent DC Bus with and without interleaving in terms of a) I circ /I grid % and b) THDi %.
